Abstract. The current version of AGDISP incorporates a well
Introduction
In the course of AGDISP model development, the subject of the release of fine droplet sprays (or the droplets at the lower end of any released droplet spectrum) concentrated on nozzles that generated these finer distributions (Teske et al. 2004) , in an attempt to understand the sometimes incongruous behavior of buffer zone calculations, for example. These approaches generated several interesting solutions (e.g., Teske et al. 2000) , but more often than not emphasized problem areas that required additional study. Because of the need to understand the behavior of fine droplet sprays (to, in a sense, better "control" the behavior of the released spray), the evaporation properties of these sprays have also received considerable attention, with the identification of a change in their evaporation rate at low speeds (Teske et al. 1998 ) and the suggestion that cold droplets and high humidity may delay evaporation (Teske et al. 2003a ).
When AGDISP was first developed (Bilanin et al. 1989) , its emphasis was on the accurate prediction of deposition patterns near the aircraft flight line. Since larger droplets in a spray generally fall quickly to the ground and do not contribute to spray drift, the computational challenge was to develop accurate particle solution paths for these larger droplets. In this way the deposition pattern beneath the aircraft would be accurately predicted. The resulting algorithms were then used successfully in model validation (Hewitt et al. 2002; Teske et al. 2002; Bird et al. 2002) and led to the current AGDISP model (Teske et al. 2003b ).
Over time, however, emphasis has shifted from ground deposition to complete spray accountability. We believe this emphasis has been driven by a more active role taken by the EPA and the industry (in the application of their products), and by a desire to spray less product to achieve the same or similar results. This goal places a stronger emphasis on spray application models such as AGDISP to make better predictions of smaller droplet behavior, from their release at the aircraft to their final disposition downwind.
Aside from the simplifying assumptions (that still stand) with regard to the representation of the aircraft vortices, wind speed, evaporation, canopy, and spray physical properties, two specific assumptions require discretization for model predictions: drop size distribution and time step.
First, in early model development (with early main frame computers), it was considered an accomplishment if we were able to complete a model simulation in less than ten minutes. This success was achieved by representing the drop size distribution by six or fewer drop size categories. Current models have expanded the discretization of droplet categories, but their accurate interpretation -especially at the larger droplet sizes -suggest recalibration.
Second, fundamental to the solution of the governing equations in AGDISP was a decision made regarding the time step of the calculation. Time step was dictated in the original code such that droplets would not move more than one foot or so per each step, so that the early graphics packages could show a "smooth" plot on the screen. With faster computers, it appears that now is a good time to re-examine the time stepping algorithm.
The driving mechanism herein is the belief that mass appears to be lost in certain simulations (especially those involving droplet evaporation), suggesting that droplet movement no longer provides sufficient solution fidelity for current spray criteria imposed on the industry. These are the topics to be discussed in this paper.
Problem Definition
The AGDISP solution algorithm advances the equations of motion with an analytical treatment of droplet position and growth of droplet standard deviation, driven by the discretization of the measured drop size distribution and the parsing of the integration time as achieved by the time step algorithm, with droplet evaporation handled in a separate calculation performed sequentially with the droplet motion solution. Model development began in 1979 and has now achieved a stable simulation platform. The latest version of AGDISP (8.22) will be released by the end of the summer, with a revised user manual (Teske et al. 2009 ) and Help facility.
As part of model completion, a quality control analysis was undertaken with the model. This analysis found that in specific instances, especially those involving droplet evaporation, the model lost track of mass (Londergan and Moore 2007) . This assessment confirms previous observations when using AGDISP for mosquito simulations, where the entire spray volume may be in fine droplets (R. E. Mickle, 2009, personal communication) . Since mass balance is rigorously enforced in the model, these findings suggest that particle behavior needs to be reexamined.
Aside from considering the fundamental assumptions used to develop the model (an exercise that has been rigorously explored over the last 30 years), it would appear that the two model inputs that are internally discretized may be the source of the problem. To that end, we explore:
• The discretization of the drop size distribution. Clearly, fine droplets are readily available at the lower end of the spectrum, but so also are smaller droplets available at the upper end of the spectrum when evaporation is active. Thus, the splitting of the drop size distribution may be contributing to the apparent mass problem.
• The time step algorithm. Since the equations of motion are solved analytically, and controlled only by the time step imposed, it is natural to re-examine the historical algorithms to see how they might be improved.
These subjects are covered here, based upon the AGDISP model defaults shown in Table 1 . 
Drop Size Distribution
Model use of the experimentally determined drop size distributions from Particle Measurement Systems (PMS) and Malvern instruments provides a spectrum that spans up to 32 drop size categories. Each category identifies a beginning and ending droplet size, and a volume fraction of the spray in that category. Average diameter is found by volume averaging the endpoints of each category.
Several approaches have been developed to curve-fit the droplet spectrum (Lefebvre 1989 ) with mixed success. Rather, what AGDISP does is split the drop size categories into additional categories that each contain no more than two percent of the volume, then interpolate by volume. This approach was first suggested by Gaidos et al. (1990) and appears quite successful. Figure 1 illustrates the change made in transport aloft by splitting the categories into smaller intervals, restricting drop categories to have no more than two percent of the spray volume (current AGDISP condition) and no more than one percent of the spray volume, compared with the original drop size distribution of, in this case, 31 categories. In this example the current approach changes the total flux aloft at 300 m by 15%, while the restriction to one percent changes the total flux aloft by an additional 1.5%, duplicating the two percent curve except close to the surface. A further comparison between the original drop size distribution and the distribution with no more than one percent of the spray volume in any category is shown in Figure 2 . What is interesting here is: (1) drop size categories are not split at the smaller or larger droplet sizes; and (2) spray volume is not measured at very small droplets. Both ends of the spectrum are generally controlled by the experience of the engineer conducting the measurements, typically collecting data with an 800 mm lens on the Malvern. The upper end of the spectrum generally stops when no additional spray volume is measured in the last droplet category. The lower end has to date involved considerable additional work, as now briefly summarized.
The lower end of the drop size distribution has been examined historically in an effort to understand how much spray volume is NOT accounted for. Early work with the PMS to quantify spray material drop size distributions in use by the USDA Forest Service (compiled by Skyler and Barry 1991) suggested that only one percent of the total spray volume was not accounted for, even though the lowest droplet category began at 34 µm. Work by Yates and Cowden (1987) recalibrated the PMS to measure droplet sizes down to 2.6 µm, finding an average of 2.5 percent of the spray volume below 34 µm for the spray materials tested.
More recently, the Spray Drift Task Force (SDTF) concluded that the use of the 800 mm Malvern lens (with a lower size class diameter of 4 µm) should be responsible for a spray volume loss of no more than two percent, and that there is little spray volume below 10 µm for agricultural nozzles (D. L. Valcore, 2009, personal communication) . Substituting a different lens (to obtain resolutions as low as 0.5 µm) has its own set of problems (Hewitt et al. 1996) . Unfortunately, these conclusions did not consider the nozzles used for mosquito control, for which spray material below 10 µm could represent a substantial fraction of the spray volume. Needless to say, the amount of spray volume in the lower end of the droplet spectrum is still open for discussion.
Droplet Evaporation
The AGDISP evaporation model follows the D-squared law from Trayford and Welch (1977) , in which the evolution of the droplet diameter may be written as ), and Re is the Reynolds number, Re = ρD|U-V|/µ, where ρ is the density of air, U is the local velocity at the droplet, V is the droplet velocity, and µ is the viscosity of air.
It may be seen that these equations accurately represent the evaporation of spray material if and only if the time step is sufficiently small such that the terms evaluated at time t (the variables D, U, and V) are sufficiently constant across the time step ∆t. If the time step is too large, these assumptions will be violated, and the evaporation effect will be incorrect.
The consequences may be approximated by a simple application of the above equations, which may be combined into the form (consistent with how the equations are solved in AGDISP)
where the collected coefficients (b and c) are of order one, D(0) is the initial droplet diameter, D(t) is the droplet diameter at time t (known), and D(t+∆t) is the droplet diameter at time t+∆t (to be determined). It may be seen that if c = 0.0, this equation recovers the D-squared behavior, in which ANY time step will track the evaporation process correctly. However, the presence of the Reynolds number makes evaporation a time step dependent process, as may be seen by the parameterized example shown in Figure 3 . Note that what has been long suspected is true: larger time steps appear to lose mass. To correct this problem, it is therefore important to improve the time step algorithm in AGDISP. 
Time Step Algorithm
The current AGDISP time step algorithm is the product of an evolutionary iteration to correct stepping problems encountered during model development and those discovered by users. As discussed previously, initial model development centered on best representing the behavior of the larger droplets in the drop spectrum, whereas now we are more interested in tracking the movement of the smaller droplets as accurately as possible. This change in focus, and the indication that evaporation effects are being adversely affected by time steps that are too large, suggest that the algorithm be revisited.
The simple algorithm suggested here relates the time step to the droplet size
where U term is the estimated terminal velocity based on the formula provided by Best (1950) . The time step is further restricted by e 2 c t τ ≤ ∆ when evaporation is active. The proposed model finds c 1 = 0.0001 (for D in µm and U term in m/sec) and c 2 = 0.001, to recover an accurate time step. Comparison of droplet diameter behavior with the current and proposed models is shown in Figure 4 and summarized in Table  2 . It may be seen that the new time step algorithm overcomes the poor behavior of the current algorithm. It is natural to ask how AGDISP would perform with the modifications suggested here. One result -for the model parameters summarized in Table 1 -is shown in Figure 5 , compared with the current model predictions for deposition. It may be seen that the new time step algorithm tends to increase the deposition in the near field and decrease the deposition (by as much as 25%) in the far field. Both of these trends are consistent with the conclusions reached by when discussing the areas for model predictive improvement, although the decrease in deposition occurs further downwind than examined by Bird et al. (2002) . Confirmation of these trends would require a re-examination of the SDTF data base. Table 1 , for the current and new time step algorithms.
Conclusion
A revision to the time step algorithm in AGDISP appears to increase the accuracy of the model with regard to evaporation effects and downwind deposition.
